Previously we reported that the p-amidinophenyl esters behave as specific substrates for trypsin and trypsin-like enzymes.
Previously we reported that the p-amidinophenyl esters behave as specific substrates for trypsin and trypsin-like enzymes. 1) In these esters the site-specific group (charged amidinium) for the enzyme is included in the leaving group portion instead of being in the acyl moiety. Such a substrate is termed an "inverse substrate". 1) Inverse substrates allow the specific introduction of an acyl group carrying a non-specific residue into the trypsin active site. The characteristic features of inverse substrates suggested that they are useful for enzymatic peptide synthesis. We demonstrated the successful application of inverse substrates for trypsin-catalyzed coupling. [2] [3] [4] [5] [6] [7] Thus development of general method for the preparation of a variety of inverse substrates would be valuable.
Herein, we designed and synthesized two series of a new type inverse substrates; N-tert-butoxycarbonyl (Boc)-amino acid p-and m-(amidinomethyl)phenyl ester, which are homoanalogous to amidinophenyl esters 2) and isosteres of guanidinophenyl esters, respectively. 4) We also studied the kinetic properties of these synthetic inverse substrates in the trypsincatalyzed hydrolysis.
Synthesis of Inverse Substrates
We synthesized the (amidinomethyl)phenyl esters (5, 10) by using Brian's 8) catalytic hydrogenation of {[(acetoxy)imino]-2-aminoethyl}-phenyl esters (4, 9) as a key step. Hydroxybenzyl cyanide (1, 6) was converted to {[(hydroxy)imino]-2-aminoethyl}phenol (2, 7) with an excess amount of hydroxylamine hydrochloride in the presence of potassium carbonate in H 2 O-EtOH and refluxed for 4 h to give a quantitative yield. Selected protection of the hydroxyl group of 2 and 7 with the equivalent of Ac 2 O in pyridine at 0°C and then room temperature afforded {[(acetoxy)imino]-2-aminoethyl}phenol (3, 8) in 86 and 88% yield, respectively. Condensation of 3 and 8 with NBoc-amino acids by using dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) in N,N-dimethylformamide (DMF)-EtOAc was successful. Reaction yields of the esters (4a-c, 9a-c) were 58-88%. The next deprotection step was carried out by catalytic hydrogenation to give N-Boc-amino acid (amidinomethyl)phenyl esters (5a-c, 10a-c) as p-toluenesulfonic acid (p-TsOH) salt in essentially quantitative yields, as shown in Chart 1.
Kinetic Parameters for Trypsin-Catalyzed Hydrolysis of Synthetic Inverse Substrates The kinetic constants for the trypsin-catalyzed hydrolysis were analyzed on the basis of the following scheme.
In this scheme, the following symbols are used: E, enzyme; S, substrate; ES, enzyme-substrate complex; EA, acyl enzyme; P 1 , alcohol component of the substrate; P 2 , acid component of the substrate; K s , dissociation constant of enzyme-substrate complex; k 2 , rate constant of acylation step; k 3 , rate constant of deacylation step. The kinetic parameters K s and k 2 are useful for evaluating substrates. The former can provide information on the strength of the binding between the substrate and the enzyme, which is characteristic of the enzymatic process, while the latter directly reflects the accessibility of the carbonyl function of the substrate molecule to the catalytic residue of the enzyme in the ES complex.
Trypsin-catalyzed hydrolysis of inverse substrates was monitored spectrophotometrically, using the procedure described previously. 1, 9) The kinetic parameters of compounds 5a-c and 10a-c were determined as shown in Table 4 , and the parameters were compared with those of p- (11) 9,10) and m-guanidinophenyl acetate (12), 9, 10) N-Boc-L-Ala p-(13) 7) and m-(guanidinomethyl)phenyl ester (14), 6) and N-Boc-LAla p-amidinophenyl ester (15) . 11) Binding affinity of p-isomers (5a-c) for trypsin is slightly greater than that of the misomers (10a-c), though the result is opposite in the comparison of spatially small guanidinophenyl acetates (11, 12) . In general, all N-Boc-amino acid (amidinomethyl)phenyl esters used in this study moderate binding affinity for trypsin with K m values in the range of 10 Ϫ3 -10 Ϫ4 M nearly comparable to those of the (guanidinomethyl)phenyl esters (13, 14) . Hydrolysis of inverse substrate has been shown to proceed by consecutive acylation and deacylation processes. 1) If the acylation is much faster than the subsequent deacylation process, each rate constant (k 2 and k 3 ) would be determined directly from the spectrometric trace of the presteady-state and steady-state parts of the hydrolysis, respectively. pGuanidinophenyl acetate is a substrate of this case: k 2 and k 3 were determined in this manner. 9, 10) The behavior of (amidinomethyl)phenyl esters were different from those of the pguamidinophenyl acetate. In the case of (amidinomethyl)-phenyl esters, the acylation and deacylation rates are close to each other, accordingly, their rate constants are undeterminable. Thus the overall catalytic rate constant (k cat. ) and K m were determined as listed in Table 4 . At first, kinetic parameters of N-Boc-L-Ala-OAM (5a, 10a) were compared with those for N-Boc-L-Ala-OGM (13, 14) , which were reported in our previous paper. 5, 6) In these compounds, although the K m value of 13 is one order of magnitude larger than the those for 5a, 10a and 14, other parameters approximate to each others. This result showed that behavior of (amidinomethyl)-and (guanidinomethyl)phenyl esters for trypsin are almost same.
Next kinetic parameters for N-Boc-L-Ala-OAM (5a, 10a) were compared with those for N-Boc-L-Ala-OpAm (15), which were reported in our previous paper.
9) The k cat. values of 5a and 10a approximate to k 3 ) introduced by Brot and Bender is informative for the evaluation of the specificity of substrates. 13) These k 2 /K s (or k cat. /K m ) values of 5a and 10a are three to four orders of magnitude smaller than that of 15. The less specific character of 5a and 10a are likely to arise from the different acidity of phenol and basicity of the amidino group owing to the nonresonant amidino group and aromatic ring, and the considerably low affinity of 5a and 10a.
The kinetic parameters for N-Boc-D-Ala containing inverse substrates (5b, 10b) were compared with those for NBoc-L-Ala containing inverse substrates (5a, 10a) 
or three orders of magnitude smaller than those for other (5a, 5b, 10a). The kinetic parameters for N-Boc-Aib-OAM (5c, 10c) were also compared with those for N-Boc-L-Ala-OpAm (15). The K s (K m ) value for 5c and 10c was two orders of magnitude larger than those for 15, respectively, as shown in Table  4 . The k 3 (k cat. ) value of 5c and 10c was two orders to four orders of magnitude smaller than that of 15, respectively. This result indicated that the bulky a,a-dialkyl substituent impedes the placement of 5c and 10c in juxtaposition with the active site of trypsin. The k cat. /K m value for 10c showed a much less favorable interaction. However, we previously reported that even a,a-dialkyl amino acid m-(guanidinomethyl)phenyl ester could be used in a Streptomyces griseus trypsin-catalyzed coupling reaction. 14) We conclude that all new synthetic inverse substrates examined in this study could be expected as acyl donor components in trypsin-catalyzed peptide synthesis.
Experimental
General The melting points were measured on a Yanaco micro melting point apparatus. IR spectra were taken on a JASCO VALOR-III FT-IR spectrometer. 28 mol) and potassium carbonate (19.34 g, 0.14 mol) in H 2 O (120 ml), and the mixture was refluxed for 4 h. The mixture was concentrated to half volume and then cooled to room temperature. The formed precipitate was collected by filtration to give 2 (13.17 g, 99%) as brownish needles. Physical properties and spectral data are given in Table 1 . (2) (1.66 g, 10 mmol) was soluble in hot pyridine (20 ml), and to a solution was added dropwise acetic anhydride (946 ml) at 0°C, and the mixture was stirred at room temperature for 1 h. To the mixture was added heptane, and azeotropic mixtures were concentrated in vacuo. The resulting residue was recrystallized from hexane/EtOH to give 3 (1.79 g, 86%) as colorless needles. Physical properties and spectral data are given in Table 1 .
(tert-Butoxycarbonyl)amino Acid p-{[(Acetoxy)imino]-2-aminoethyl}-phenyl Esters (4a-c) General Procedure: To a solution of p-{[(acetoxy)imino]-2-aminoethyl}phenol (3) (312 mg, 1.5 mmol), N-Bocamino acid (1.7 mmol), and DMAP (24 mg, 0.2 mmol) in DMF (5 ml) and EtOAc (5 ml) was added DCC (351 mg, 1.7 mmol) at 0°C, and the mixture was stirred at the same temperature for 1 h. Then the mixture was stirred at room temperature for overnight and concentrated. The resulting residue was chromatographed on a silica gel column (benzene/EtOAcϭ1 : 3). The benzene/EtOAcϭ1 : 3 elute was evaporated to dryness in vacuo, and the solid was recrystallized to give 4. Physical properties and spectral data are given in Table 2 .
(tert-Butoxycarbonyl)amino Acid p-(Amidinomethyl)phenyl Esters pToluenesulfonic Acid Salt (5a-c) General Procedure: A solution of (tert-butoxycarbonyl)amino acid p-{[(acetoxy)imino]-2-aninoethyl}phenyl ester (4) (1.0 mmol) and p-toluenesulfonic acid monohydrate (1 mmol) in EtOH (10 ml) was hydrogenated over 10% Pd-C (10 mg) at room temperature for overnight with vigorous stirring. The catalyst was filtered away, and the filtrate was concentrated in vacuo. The residue was washed with absolute ether, and the solid was recrystallized to give 5 as a colorless solid. Physical properties and spectral data are given in Table 3 .
3-Hydroxybenzyl Cyanide (6) This compound was prepared from (3-methoxyphenyl)acetonitrile according to the reported procedure. 15) meta-Series Compounds These compounds were synthesized by a procedure similar to that employed for the corresponding p-compounds (5a-c). Physical properties and spectral data are given in Tables 1-3 .
Kinetic Measurements Enzyme concentration was determined by active site titration using p-nitrophenyl pЈ-guanidinobenzoate. 16 ) Analysis of kinetic parameters was carried out by potentiometrically using a pH-stat under steady-state conditions following the reported procedure. 1, 9) Determination of k cat and K m were carried out in 0.1 M KCl, pH 8.0, containing 0.02 M CaCl 2 at 25°C. In these experiments the enzyme concentration was 1.95ϫ10 Ϫ8 -1.50ϫ10 Ϫ6 M, and the substrate concentration was 1.76ϫ10 Ϫ5 -1.07ϫ10
